Nanog, Sox2, and Oct4 are key transcription factors critical for the pluripotency and self-renewal of embryonic stem (ES) cells. Their downregulations lead to differentiation, accompanied with changes in cell motility. Whether these factors impact cell motility directly, however, is not clear. Here we addressed this question by initially assessing their effect in non-stem cells. We found that the ectopic expression of Nanog, Sox2, or Oct4 markedly inhibited ECV304 cell migration. Detailed examinations revealed that Nanog induced disorganizations of the actin cytoskeleton and peripheral localizations of focal adhesions. These effects required its DNAbinding domain and are thus transcription dependent. Furthermore, thymosin b4 and Rnd3 were identified as its downstream targets. Their depletions in ECV304 cells by RNAi phenocopied the ectopic expression of Nanog in both cell motility and actin organization, whereas their ectopic expressions rescued the migration defect of Nanog overexpression. Both proteins were upregulated during mouse ES cell differentiation. Their levels in the pluripotent mouse P19 cells also increased upon Nanog ablation, coincident with an increase in cell motility. Moreover, persistent expression of Nanog in zebrafish embryos suppressed gastrulation and cell migration. These results indeed suggest a dual role of certain transcription factors in the orchestration of differentiation and motility.
Introduction
Cell migration is important for embryonic development, wound healing, and immune system function (Gupta et al., 2002; Luster et al., 2005; Weijer, 2009; Takaoka and Hamada, 2012) . Cell migration depends largely on the dynamics of filamentous actin (F-actin) and integrin-mediated focal contacts (Ridley et al., 2003) . Branched F-actin forms lamellipodia at the leading edge and pushes cell membrane forward, whereas stress fibers across the cell body provide contractile forces important for the retraction of the lagging side (Pollard and Borisy, 2003; Ridley et al., 2003) . Membrane protrusions are stabilized by nascent focal adhesions (FAs), the initial contact sites between integrin and the extracellular matrix. As new rounds of membrane protrusions go on, nascent FAs evolve into clusters of focal contacts, sequentially focal complexes, which are associated with the base of lamellipodial F-actin, and FAs, which cap both termini of stress fibers (Geiger et al., 2001; Zaidel-Bar et al., 2004; Shan et al., 2009) .
Stem cells often exhibit migration potentials distinct from their differentiated progeny. Embryonic stem (ES) cells, for instance, aggregate into compact colonies in culture and spread out during and after differentiation (Vong et al., 2010) . Neural stem cells form neuroepithelia and are not migration competent in vivo, whereas post-mitotic neurons are highly migratory (Taverna and Huttner, 2010) . Such properties are also true in vitro because cultured neural stem cells tend to cluster into nonadherent spheres, namely neurospheres. Neural cells migrate out of the sphere after the induction of differentiation (Reynolds and Weiss, 1992; Bez et al., 2003) .
How the cell motility is rendered during stem cell differentiation is not clear. Stem cells are maintained by certain key transcription factors (Boyer et al., 2005; Loh et al., 2006) . Although the migration abilities might be attributed to differentiation, it would be intriguing to postulate that some key transcription factors for cell fate might also have a role in migration. It is shown that the ablation of Oct4, Nanog, or Sox2 in mouse ES cells induces changes in cell morphologies and motility (Vong et al., 2010) . Nevertheless, although Borg5 has been identified to respond to the elevated trophectoderm cell motility in Oct4 depletioninduced ES cell differentiation, Borg5 is not a direct Oct4 target (Vong et al., 2010) . In this study, we demonstrate that Nanog, Oct4, and Sox2 have direct, negative impact on cell migration. Moreover, our results suggest that the inhibitory effect of Nanog depends on thymosin b4 (Tb4) and Rnd3. Tb4 is a 5-kDa globular (G)-actin-binding protein important for wound healing, angiogenesis, cancer metastasis, and cardiac repair. It may promote or inhibit cell migration, possibly due to its multiple functions or to different cellular context (Malinda et al., 1999; Kobayashi et al., 2002; Bock-Marquette et al., 2004; Fan et al., 2009) . Rnd3, also known as RhoE, is a member of the Rho subfamily small GTPase. It is important for actin organization and cell migration as well by binding to and inhibiting ROCK1 (Riento et al., 2003; Klein and Aplin, 2009) . Our results thus provide implications on how stem cells could efficiently orchestrate differentiation and migration.
Results
Ectopic expression of Oct4, Nanog, or Sox2 represses cell migration
Since the ablation of Oct4, Nanog, or Sox2 in stem cells leads to cell differentiation (Hay et al., 2004; Zaehres et al., 2005; Loh et al., 2006) , it would be hard to tell whether or not any alternations in cell motility is cell fate independent. To directly assess their effects on cell migration, these proteins were tagged with GFP and expressed in ECV304 cells, a human bladder carcinoma cell line (Dirks et al., 1999 ) that shows typical motile cell morphologies in culture (Shan et al., 2009) . Proper expression of the proteins was confirmed by microscopy and immunoblotting ( Figure 1A and B). When wound healing assays (Palazzo et al., 2001; Shen et al., 2008) were performed, control cells, which expressed GFP, migrated normally when compared with their surrounding untransfected cells ( Figure 1C and D) . Cells ectopically expressing GFP-Oct4, -Nanog, or -Sox2, however, showed compromised motility ( Figure 1C and D) . Compared with the surrounding untransfected cells, the average displacement of cells expressing GFP-Oct4, -Nanog, or -Sox2 decreased by 52.6%, 59.7%, and 53.5%, respectively ( Figure 1D ). Since the inhibitory effect of GFP-Nanog appeared to be strongest, we performed further analyses on Nanog.
To clarify whether the inhibitory effect on migration requires the transcription regulation activity, we created NgDHD, a Nanog mutant lacking the homeobox domain essential for the DNAbinding activity (Do et al., 2007) . GFP-NgDHD was still a nuclear protein ( Figure 1A and B) but failed to repress cell migration ( Figure 1C and D) , suggesting that Nanog inhibits cell migration through its transcriptional activity. ECV304 cells are epithelial cells with tight junctions (data not shown) (Hirase et al., 2001) . To exclude potential influences of cell -cell interactions, we examined random migrations of sparse cells (Shan et al., 2009) . Compared with cells expressing GFP or GFP-NgDHD, those positive for GFP-Nanog showed reduced motility (Figure 2A and B; Supplementary Movie S1). Quantification analyses indicated that the average velocity (0.11 mm/min) dropped by 5.1-and 3.8-fold, respectively, compared with that of cells expressing GFP (0.56 mm/min) or GFP-NgDHD (0.42 mm/min) ( Figure 2C ). HeLa cells ectopically expressing GFP-Nanog also showed significantly reduced cell motility (Supplementary Figure S1) , indicating that the inhibitory effect of Nanog is not cell line specific. Nanog influences the actin cytoskeleton
As free cell migration is mainly associated with actin dynamics (Pollard and Borisy, 2003; Ridley et al., 2003; Shan et al., 2009) , we examined whether the ectopic expression of Nanog influenced actin cytoskeleton. Similar to untransfected ECV304 cells, cells expressing GFP or GFP-NgDHD showed typical lamellipodia containing focal complexes; stress fibers terminated with FAs were seen throughout the cells (Figure 3A and B; see also Supplementary Movie S1) (Geiger et al., 2001; Shan et al., 2009) . In GFP-Nanog-positive cells, however, typical stress fibers were either not seen or markedly reduced ( Figure 3A and B). Most F-actin bundles were distributed around cell edges and often congressed at only one end, where a focal adhesion was seen. FAs tended to localize at the cell periphery ( Figure 3A and B) . Therefore, Nanog expression induces a dramatic change in actin dynamics, which indeed echoes with its inhibitory effect on cell migration (Figures 1 and 2) .
Nanog downregulates Tb4 and Rnd3
We then identified Nanog targets in cell migration. Because we were able to readily achieve higher transfection efficiencies in HeLa cells (.80%) than in ECV304 cells, we expressed GFP-Nanog or -NgDHD in HeLa cells and performed gene chip assays. When 2637 genes whose chip signals varied by ≥1.5-fold were compared with potential Nanog downstream genes reported in two publications (Loh et al., 2006; Sharov et al., 2008) , 95 and 65 overlapping genes were found, respectively. Among them, three genes encoding AmotL2, Rnd3, and Tb4, respectively, were directly related to cell migration and actin dynamics (Fan et al., 2009; Klein and Aplin, 2009; Wang et al., 2011) . As only the Rnd3 and Tb4 genes, whose expressions were downregulated by 1.8-and 2.3-fold, respectively, in the GFP-Nanog-expressing cells, were predicted to contain potential Nanog-binding sites in their promoters by Promoter 2.0 software (http://www.cbs.dtu.dk/services/promoter/), we performed further assays on these two proteins.
The Nanog-induced downregulations of Tb4 and Rnd3 were then confirmed at both the mRNA and protein levels. Quantitative RT-PCR (qPCR) indicated that, compared with GFP, the expression of GFP-Nanog reduced the mRNA levels of Tb4 and Rnd3 by an average of 57.4% and 80.4%, respectively, at 24 h post-transfection, whereas GFP-NgDHD failed to induce a clear change ( Figure 4A ). Consistently, Nanog expression decreased the protein levels of Tb4 and Rnd3 by more than 66% at 48 h post-transfection ( Figure 4B and C).
To further confirm that Tb4 and Rnd3 are downregulated by Nanog at the transcription level, we cloned their human gene promoters and constructed luciferase reporters. Dual luciferase reporter assays indicated that Flag-Nanog repressed the luciferase activities by more than 87.5% on average ( Figure 4D ). In contrast, Flag-NgDHD mildly stimulated the luciferase activities ( Figure 4D ), possibly by sequestrating other inhibitory factors.
Ablation of Tb4 or Rnd3 inhibits cell migration
We then examined whether knockdown of Tb4 and Rnd3 had similar effects on actin dynamics and cell migration as the Nanog expression. Two siRNAs were synthesized for each gene and showed efficient knockdown of the proteins ( Figure 5A ). Consistent with the previous reports (Kobayashi et al., 2002; Klein and Aplin, 2009) , the knockdown of either Tb4 or Rnd3 significantly repressed ECV304 cell migration in wound healing assays ( Figure 5B and C and Supplementary Movie S2). More than 130 cells were scored for each population. Cells containing three or less stress fibers across the cell body were considered as those with 'poor stress fibers', whereas cells with more than 90% of FAs at the cell periphery were scored as those with 'peripheral FAs'. Error bars show SD. ***P , 0.001. Ectopically expressed Nanog downregulated Tb4 and Rnd3 at both the mRNA and protein levels. HeLa cells expressing GFP, GFP-Nanog, or GFP-NgDHD were used for qPCR analysis at 24 h post-transfection (A) or for immunoblotting analysis at 48 h post-transfection (B). Protein band intensities of endogenous Tb4 and Rnd3 were quantified and normalized to those of a-tubulin. (D) The results of dual luciferase reporter assays. HEK293T cells were transfected to express Flag, Flag-Nanog, or Flag-NgDHD, together with the indicated promoter reporter constructs. Renilla luciferase was used as an internal control. ***P , 0.001.
When fixed cells were examined, we found that the knockdown of Tb4 also led to increased peripheral FAs, poor stress fibers, and infrequent lamellipodia formation ( Figure 5D and E). Re-introduction of the RNAi-resistant Tb4 rescued the phenotypes ( Figure 5D and E). On the other hand, although Rnd3 RNAi did not result in poor stress fibers and peripheral FA distributions, the cells lacked lamellipodia ( Figure 5D and E). The expression of the RNAi-resistant Rnd3 rescued the lamellipodia formation ( Figure 5D and E). Tb4 and Rnd3 rescue the migration defect caused by Nanog overexpression
To confirm that Nanog suppresses cell migration through downregulating the two genes, we examined whether increasing the levels of Tb4 and/or Rnd3 could restore cell migration in the Nanog-overexpressing cells. We found that the coexpression of RFP-Tb4 or RFP-Rnd3 indeed promoted the migration of GFP-Nanog-positive cells ( Figure 6A and Supplementary Movie S3). The average velocity increased from 0.076 mm/min of control cells (GFP-Nanog + RFP) to 0.31 and 0.21 mm/min, respectively. Apparently, the rescue effect of Tb4 was stronger than Rnd3 ( Figure 6A and B) . Moreover, it almost completely abolished the inhibitory effect of Nanog because the cells expressing both GFP-Nanog and RFP-Tb4 showed similar motilities as surrounding untransfected cells ( Figure 6A and B) . The coexpression of both Tb4 and Rnd3, however, did not further augment the cell motilities ( Figure 6A and B and Supplementary Movie S3). These results confirm that Nanog inhibits cell migration by downregulating Tb4 and Rnd3. Tb4 appears to contribute more than Rnd3 to the inhibitory effect of Nanog. Nanog ablation upregulates Tb4 and Rnd3 and promotes cell migration in pluripotent mouse P19 cells
To further confirm in a physiological system, the negative correlations of Nanog with Tb4 and Rnd3, we induced mouse ES cell differentiation through the embryoid body (EB) formation To rescue the effects of RNAi, GFP-Tb4 was expressed using the RNAi-resistant plasmid, whereas mouse Rnd3, whose mRNA was resistant to Rnd-i1, was expressed. The statistical results from at least three experiments are shown in E. More than 120 cells were scored for each population. **P , 0.01, ***P , 0.001. (Gaspar-Maia et al., 2009) . Compared with intact ES cells, Nanog, Oct4, and Sox2 were gradually downregulated following the induction of differentiation ( Figure 7A-C) (Tsuji-Takayama et al., 2004; Rodda et al., 2005) . Tb4 and Rnd3, however, were markedly upregulated at both the protein and mRNA levels ( Figure 7A-C) . Quantitative real-time PCR with reverse transcription (qPCR) indicated that the mRNA levels of Tb4 and Rnd3 increased by more than 9-fold from Day 0 to Day 8 ( Figure 7C ). Such a negative correlation is consistent with our studies using non-stem cells. However, as Oct4, Sox2, and many other transcription factors also declined, the downregulations of Tb4 and Rnd3 still cannot be attributed solely to Nanog.
To establish a more stringent correlation, we investigated whether depleting endogenous Nanog could upregulate Tb4 and Rnd3 and promote cell migration. Since ES cells form compact colonies and were inappropriate for migration analysis, we used the pluripotent mouse embryonic carcinoma P19 cells (van der Heyden and Defize, 2003) . We confirmed by both qPCR and immunoblotting that the knockdown of Nanog in P19 cells led to increased expressions of Tb4 and Rnd3 ( Figure 7D and E). Although cell morphologies were not obviously altered, wound healing assays indicated that the depletion of Nanog indeed facilitated cell migration ( Figure 7F and G and Supplementary Movie S4).
Ectopic expression of Nanog represses gastrulation and cell migration in zebrafish embryos
We next explored whether Nanog could affect cell migration during the early embryonic development of zebrafish. Zebrafish Nanog (fNanog) is highly expressed in blastula and dramatically downregulated during gastrulation (Xu et al., 2012) . Such an expression pattern nicely correlates with the rapid cell migrations during gastrulation (Warga and Kimmel, 1990; Kimmel et al., 1995; Montero et al., 2005) . Therefore, we examined whether persistent expression of fNanog would inhibit gastrulation.
We transcribed the open reading frames of GFP, H2B-GFP, and GFP-fNanog into mRNAs in vitro and microinjected them into one cell-stage embryos, respectively. Twelve hours postfertilization (12 hpf), while the embryos expressing GFP (90%) or H2B-GFP (92.3%) accomplished gastrulation and clearly showed heads and tails as do normal embryos (Warga and Kimmel, 1990; Kimmel et al., 1995) , 64% of those expressing GFP-fNanog failed to finish gastrulation ( Figure 8B and C) . Live cell imaging showed that during the gastrulation process between 8 and 12 hpf (Warga and Kimmel, 1990; Kimmel et al., 1995; Montero et al., 2005) , the average velocity of the GFP-Nanog-positive cells dropped by 2.2-fold when compared with that of the H2B-GFP-positive cells ( Figure 8D and E and Supplementary Movie S5). These results suggest that the downregulation of fNanog during gastrulation (Xu et al., 2012 ) is critical for efficient cell migration during this process.
Discussion
Our results suggest that transcription factors important for the maintenance of stem cells, such as Nanog, Oct4, and Sox2, are able to control cell motility as well. We initially used ectopic expression in non-stem cells to assess their primary effect on cell migration, avoiding the situation of secondary effect, i.e. differentiation-induced changes in motility, associated with the use of stem cells. We found that they are all inhibitory to cell migration (Figures 1, 2 , and Supplementary Figure S1 , Movie S1). We then picked Nanog for further studies. Because NgDHD, a Nanog mutant lacking the DNA-binding domain, failed to affect the migration of ECV304 and HeLa cells (Figures 1, 2 , and Supplementary Figure S1 ), we conclude that Nanog exerts its inhibitory effects on cell migration through its transcription regulation function (Chambers et al., 2003; Mitsui et al., 2003) .
We found that the ectopic expression of Nanog in ECV304 cells results in disorganization of the actin cytoskeleton. Stress fiber formation was largely impaired, and FAs tended to appear at the cell periphery (Figure 3) . Again, these effects of Nanog required its DNA-binding domain (Figure 3) .
Several lines of evidence suggest that Tb4 and Rnd3 are negatively regulated by Nanog and mediate the effects of Nanog on cell motility. First, the genes of both proteins have been shown by different 'omics' and bioinformatics approaches to be candidate Nanog target genes (Loh et al., 2006; Sharov et al., 2008) . Secondly, both genes were significantly downregulated upon the ectopic expression of Nanog, but not NgDHD, at their mRNA and protein levels ( Figure 4A -C) . Luciferase reporter assays further confirmed that Nanog indeed regulates their promoters ( Figure 4D) . Thirdly, the ablations of Tb4 and Rnd3 phenocopied Nanog expression in ECV304 cells. The depletion of either protein by RNAi inhibited ECV304 cell migration ( Figure 5A -C) , consistent with the previous reports (Kobayashi et al., 2002; Klein and Aplin, 2009 ). Re-introduction of Tb4 or Rnd3 restored the RNAi-induced abnormalities ( Figure 5D , E), indicating that the abnormalities were not due to the off-target effect. More importantly, we showed that the ectopically expressed Tb4 and Rnd3 were able to suppress the inhibitory effect of Nanog on cell migration ( Figure 6 and Supplementary Movie S3). While both Tb4 and Rnd3 are likely to contribute to the inhibition of lamellipodia by Nanog, Tb4 appears to mainly correspond to the effect of Nanog expression on FAs and stress fibers (Figures 3 and 5D and E) . The rescue experiments also suggest that the downregulation of Tb4 contributes more than that of Rnd3 to the Nanog-induced migration inhibition ( Figure 6 and Supplementary Movie S3). Fourthly, both Tb4 and Rnd3 were markedly upregulated at both the mRNA and protein levels upon the ablation of endogenous Nanog in P19 (Figure 7 ) or ES cells (Ivanova et al., 2006; Loh et al., 2006) . They were upregulated during the differentiation of mouse ES cells (Figure 7 ) and P19 cells as well (Gomez-Marquez et al., 1996; Bhattacharya et al., 2005; Bouhon et al., 2005) . Moreover, the ablation of Nanog stimulated the migration of P19 cells (Figure 7 and Supplementary Movie S4). Consistent with this, Nanog-deficient mouse ES cells are flatter and protrusive in morphology than the wild-type ES cells and tend to migrate out from colonies (Chambers et al., 2007) . Such phenotypes are unlikely due to differentiation because, despite the tendency to differentiate, Nanog-deficient mouse ES cells still maintain pluripotency Chambers et al., 2007) . These results further support that Tb4 and Rnd3 are indeed authentic Nanog targets in stem cells. Finally, we showed that persistent expression of fNanog impaired gastrulation and cell migration during embryonic development of zebrafish (Figure 8 and Supplementary Movie S5). These results provide an explanation as to why fNanog is markedly downregulated during gastrulation (Xu et al., 2012) . Notably, as the highlevel expression of fNanog in blastula is critical for endoderm formation, which is critical for subsequent epibolic movement (Xu et al., 2012) , our results also provide an evidence for a role of Nanog in the orchestration of cell differentiation and migration in vivo.
A united control on cell differentiation and motility may serve as an efficient way to render different cell lineages with different migration potential during embryonic development. Different transcription factors may affect cell motility through distinct downstream targets. For instance, upregulated Borg5 is responsible for the migration of trophectoderm cells by interacting with Cdc42 and aPKC (Vong et al., 2010) , though its regulatory transcription factor during ES cell differentiation remains to be identified. On the other hand, Nanog and Oct4 are reported to increase the motility of melanoma cells (Borrull et al., 2012) . Therefore, even the same transcription factor may display different impact on migration in different cell context. Furthermore, as Nanog, Sox2, and Oct4 are also associated with cancer stem cell properties (Kasper, 2008; Jeter et al., 2011; Kumar et al., 2012; Wu et al., 2012) , their downregulations during cancer cell 'differentiation' might contribute to the metastasis of malignant tumor cells as well.
Materials and methods

Plasmid constructs and oligonucleotides
cDNAs encoding the full-length human Tb4 and Rnd3 and mouse Rnd3 were obtained by RT-PCR from HeLa cells and IMCD3 cells, respectively. To express GFP-fusion proteins, the ORFs of human Nanog, Oct4, Sox2, Tb4, Rnd3, and mouse Rnd3 were cloned into pEGFP-C1, respectively. NgDHD was a Nanog mutant containing a deletion between amino acids 95 and 154 (Do et al., 2007) . The cDNA encoding the full-length fNanog was obtained by RT-PCR using mRNAs from six hpf zebrafish embryos as described (Xu et al., 2012) . All the expression plasmids were subjected to sequencing confirmation.
To generate firefly luciferase reporters, the promoter regions of human Rnd3 and Tb4 genes were predicted by using Promoter 2.0 (http://www.cbs.dtu.dk/services/promoter). A 3.2-kb human genomic DNA fragment upstream of the transcription initiation site of Rnd3 was predicted to contain the promoter and was amplified by PCR from human genomic DNA (primers:
Similarly, a 1.6-kb DNA fragment containing the Tb4 promoter was amplified (primers:
The PCR fragments were then cloned into pGL4.17-M (Promega). The siRNAs, Tb4-i1 (5 , and the control oligonucleotide (Cat. No. B01001) were ordered from GenePharma. The RNAi-resistant Tb4 expression plasmid was constructed by introducing synonymous mutations into the Tb4-i2-targeting site of the cDNA by PCR.
Antibodies and staining reagents
Mouse monoclonal antibodies to a-tubulin (Sigma-Aldrich), paxillin (BD Biosciences), and Oct4 (BD Transduction Laboratories) were used. Rabbit polyclonal antibodies to GFP (Santa Cruz Biotechnology), Nanog (BETHYL Laboratories), Sox2 (R&D Systems), Tb4, and Rnd3 (ProteinTech) were used. PhalloidinAlexa-647 and secondary antibodies conjugated with peroxidase or Alexa Fluor-546 were purchased from Invitrogen. Cell culture and transfection HEK293T, ECV304, and HeLa cells were cultured at 378C and 5% of CO 2 in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% (v/v) bovine serum (Sijiqing Company). Mouse embryonic carcinoma P19 cells were cultured in DMEM/F12 medium (Thermo Scientific) supplemented with 10% (v/v) fetal bovine serum (FBS, Invitrogen). E14 mouse ES cells were cultured in Glasgow minimum essential medium (GMEM, Invitrogen) supplemented with 10% (v/v) FBS (Biochrom), leukemia inhibitory factor (LIF, Millipore), nonessential amino acid (NEAA, Gibco), L-glutamin (Gibco), and b-mercaptoethanol (Gibco) (Ying et al., 2002; Gaspar-Maia et al., 2009 ). EBs were formed by plating ES cells in non-attachment conditions with ES cell medium in the absence of LIF (Gaspar-Maia et al., 2009) .
Plasmids and siRNA oligonucleotides were transfected with Lipofectamine 2000 and Lipofectamine RNAiMAX (Invitrogen), respectively. For ectopic expression experiments, cells were harvested or fixed at 48 h after transfection. For RNAi experiments, cells were transfected for 72 h.
Microinjection of zebrafish embryos
For in vitro mRNA transcription, the open reading frames for GFP, H2B-GFP (Liang et al., 2007) , and GFP-fNanog were subcloned into pCS2+. In vitro synthesis of mRNA was performed using the mMessage mMachine SP6 kit (Ambion, AM1340). The mRNAs were dissolved in nuclease-free water and injected at 2 nl (160 pg) per embryo at the one-cell stage using a Narishige IM300 micro-injector. Phenol red (0.02%) was co-injected as a tracer.
Immunofluorescence microscopy ECV304 cells were grown sparsely on sterile glass coverslips and were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 15 min, followed by permeabilization with 0.5% Triton X-100 (v/v) for 10 min. Immunofluorescence staining was performed with appropriate combinations of primary and secondary antibodies. F-actin was decorated with fluorochrome-labeled phalloidin. Images for cultured cells were captured with an Olympus IX51 microscope or a Leica SP5 confocal microscope. Gray-scale images were converted to pseudocolor using Adobe Photoshop. Statistical data were presented as the mean + standard deviations (SD) from three independent experiments. Time-lapse microscopy ECV304 cells were cultured in L-15 medium (Invitrogen) supplemented with 10% (v/v) bovine serum. Image sequences were collected at 8-min intervals using a CCD camera (Evolution QEi, Media Cybernetics) on an Olympus IX81 microscope equipped with a motorized stage and a 378C-heating chamber, or with a CCD camera (Cool SNAP HQ, Roper Scientific) on a Leica AS MDW workstation. ImageJ (NIH) was used for measurement. Migration tracks were determined as tracks of nuclei. The average velocity of a cell was calculated using its track length of free migration.
Wound-healing and free migration assays were performed as described (Shan et al., 2009; Cao et al., 2012) . Cell monolayers in confluence were scratched with a 20-ml tip to create wounds that were usually closed after incubation in fresh medium for 10 h. Approximately 48 h after transfection, live cell images were acquired at 8-min intervals for up to 12 h. For ectopic expression, net displacement of single cells was measured. For RNAi experiments, the average displacement of each cell layer was measured as described (Cao et al., 2012) .
Zebrafish embryo images were captured with an Olympus SZX16 microscope. To monitor cell migration, embryos at 8 hpf were mounted in 1% of low-melting-point agarose in a 35 mm-dish with a glass bottom and orientated so that the lateral side was parallel to the dish bottom. Embryos were incubated at 28.58C in the heating chamber of the Olympus IX81 microscope. Image sequences were then collected at 2-min intervals for 4 h. The average velocity of a cell was calculated using its track length. Only cells that remained in focus for at least 20 min were selected for the quantification. Luciferase assay HEK 293T cells were transfected with plasmids expressing firefly luciferase reporter, Renila luciferase, and FLAG or FLAG-tagged proteins at a ratio of 1:0.1:4 (w/w). The cells were lysed at 24 h post-transfection and luciferase activities were measured with Dual-Luciferase Reporter Assay System (Promega).
Microarray analysis
HeLa cells were transiently transfected for 24 h to express GFP-Nanog or GFP-NgDHD. Total RNAs were extracted and hybridized to the 35 k Human Genome Array through a contracted service (CapitalBio). Quantitative real-time RT-PCR Total RNA was extracted from the cultured cells using Trizol agent (Invitrogen). RNA reverse transcription and the PCR reactions were performed using PrimeScript RT Master Mix (TaKaRa). Real-time RT-PCR was performed using an Applied Biosystems 7500 HT Sequence Detection System with the Power SYBR Green PCR Master Mix Kit (Applied Biosystems). All of the reactions were performed in triplicate. GAPDH served as the control. Primers were designed by Perlprimer v1. Quantitation and statistical analysis Band intensity was quantified by subtracting the background from the total (Shen et al., 2008; Cao et al., 2012) using Adobe Photoshop software. Statistical results were obtained in a blind fashion from at least three independent experiments. Error bars show the SD. The differences were considered significant when P was ,0.05 in an unpaired Student t-test using Sigmaplot software.
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